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Background: Clinical observation suggests that chronic venous insufficiency is related to failure of venous valves. Duplex
ultrasound studies of lower extremity superficial veins regularly show valve failure and venous reflux. Gross morphologic
observation of venous valves in surgical specimens shows tearing, splitting, scarring, and disappearance of valves.
Hypothesis: Venous valve damage is acquired, linked with venous hypertension, and affected by inflammation.
Objective:The objective of this study was to investigate the inflammatory process in valve remodeling associated with acute
and chronic venous hypertension.
Methods: A femoral arteriovenous fistula was created in study animals (Wistar rats, n  60), and animals without an
arteriovenous fistula were studied as controls (n  5). At 1, 7, 21, and 42 days animals with the femoral arteriovenous
fistula were anesthetized, and systemic pressure, the pressure in the femoral vein distal to fistula, and the pressure of the
femoral vein in the contralateral hind limb were measured. Timed collection of blood backflow after division of the
femoral vein distal to the fistula and in the alive, anesthetized animal was collected, measured, and calculated per unit time
to be used as an indicator of valve insufficiency. The femoral vein distal to the fistula was harvested; valvular structures
were examined and measured. Specimens were processed, and longitudinal sections were made and challenged with
immunostaining antibodies against matrix metalloprotease (MMP)-2 and MMP-9. Sections were examined, and
expression of molecular markers was determined by light absorption measurements after image digitization.
Results: One week after the procedure, all animals exhibited some degree of hind limb edema ipsilateral to the
arteriovenous fistula. Pressure in the femoral vein distal to the fistula was markedly increased on average to 96  9 mm
Hg. Reflux was increased in a time-dependent manner, with the 21-day and 42-day groups showing the highest values.
Valves just distal to the fistula showed an increased diameter of the valvular annulus and a shortening of the annular
height. Venous wall findings included fibrosis and fusion of the media and adventitia and scarring and disappearance of
valves principally in the 21- and 42-day specimens. Immunolabeling for MMP-2 showed an increased level in the 21- and
42-day groups.MMP-9 showed an increased level at 1 day, followed by amoremarked level in the 21- and 42-day groups.
Conclusions: In this animal model of venous hypertension the findings of limb edema, increasing valvular reflux, and
morphologic changes of increased annulus diameter and valve height are seen. Histologic changes included massive
fibrosis of media and fusion with adventitia. Inflammatory markers MMP-2 and MMP-9 are strongly represented, and
valve disappearance occurs after these markers are present. The gross morphologic changes seen are quite similar to those
observed in human surgical specimens removed in treatment of venous insufficiency. (J Vasc Surg 2005;41:303-11.)
Clinical relevance:When observed angioscopically at the time of vein stripping, saphenous vein valves show severe deformities
including shortening, scarring, and tearing. The current model of induced venous hypertension demonstrates early venous valve
changes that replicate those observed in humans. This observation provides a link from venous hypertension to an induced
inflammatory reaction that stimulates the valve damage. Thus themodel could be useful for defining the fundamental mechanisms
that cause venous valve failure and varicose veins and in pharmacologic testing to prevent or treat venous insufficiency.Clinical observation suggests that chronic venous insuf-
ficiency is related to failure of superficial and deep venous
From the Department of Surgerya and Department of Bioengineering, bUni-
versity of California, San Diego.
Competition of interest: none.
Presented at the16th Annual Meeting of the American Venous Forum,
Orlando, Fla, Feb 29, 2004.
Reprint requests: John Bergan, MD, 9850 Genesee, Suite 410, La Jolla, Ca
92037 (e-mail: jbergan@ucsd.edu)
0741-5214/$30.00
Copyright © 2005 by The Society for Vascular Surgery.
doi:10.1016/j.jvs.2004.10.038valves. Although there is a large body of literature address-
ing deep venous incompetence, it is the gross morphologic
changes in superficial valves that have attracted careful
study. Duplex ultrasound studies of lower extremity super-
ficial veins regularly show valve failure and venous reflux.1
Careful angioscopic preoperative study of 116 patients by
Yamaki et al2 showed 28% with elongated and atrophic
valve cusps, 48% with expanded and depressed valve com-
missures, and even 33% with absent valves.2
In a morphologic study of 65 superficial venous valves
Corcos et al3 found changes of both thickening and thin-
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related to the collagen component that shortened and
crumpled the valve. Thinning in the commissural regions
led to dilation (aneurysm formation). Forty years earlier
Cotton4 found dilation of the vein wall projecting beneath
the cornua and widening the cornual angle. He said, “. . .
of 156 valves which were examined, 123 were macroscop-
ically normal; only 33 were sclerosed, The sclerosis was
often so marked that only the rim of the valve was left at its
attached border.”
Proximal veins in the lower extremities are subject to
pressure fluctuations produced by intra-abdominal com-
pression and abdominal wall stresses. Kistner5 has sug-
gested that primary valve incompetence develops from
stress factors such as straining and coughing. Surgical spec-
imens of saphenous veins with reflux confirmed by duplex
ultrasound scanning have more extensive leukocyte infiltra-
tion andmembrane adhesionmolecules more numerous on
proximal surfaces of venous valves and vein walls than on
distal surfaces.6
Observations of histologic sections from varicose veins
harvested during therapeutic surgical procedures done for
chronic venous insufficiency and study of venous blood
samples from patients with chronic venous insufficiency
suggest that in venous disease significant tissue inflamma-
Fig 1. This diagram shows the location otion occurs, and multiple indicators of cell activation can befound.7 Inflammatory indicators include attachment of leu-
kocytes to the endothelium, infiltration of monocytes, lym-
phocytes, and mast cells into connective tissue, and devel-
opment of fibrotic tissue infiltrates.8
This study was done to investigate the inflammatory
process associated with acute and chronic venous hyperten-
sion. The working hypothesis was that venous valve dam-
age is acquired, linked with venous hypertension, and af-
fected by the inflammatory process associated with acute
and chronic venous hypertension. Although the model
requires arterialization of a vein segment, there is no evi-
dence that aterializing a vein segment produces an inflam-
matory reaction or venous valve damage.
MATERIALS AND METHODS
The animal procedures in this study have already been
reviewed and approved by the Animal Subjects Committee
of theUniversity of California SanDiego. The animals were
kept in an approved animal facility in accordance with
University of California San Diego policies, provisions set
forth by National Institutes of Health, and all federal, state,
and local laws and regulations governing the use of animals
in research. Postprocedural record keeping policies were
followed according to policies established by the Animal
Subjects Committee and Office of Campus Veterinary Ser-
arteriovenous fistula and the femoral vein.vices at University of California San Diego.
2. Valvular height.
postoperative period.
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8-week-old male; Charles River Laboratory, Inc, Wilming-
ton, Mass). The study consisted of two groups of animals:
(1) animals with the femoral arteriovenous anastomosis (n
 15 killed at each time point) and (2) control group (n
5) and the contralateral femoral vein.
Previous studies showed a gradual and a time-dependent
disappearance of the venous valve in the presence of the fistula.
Thereforewe studied four time points for the animals with the
femoral arteriovenous fistula: 1 day, 7 days, 21 days, and 42
days.
Surgical procedure. Each animal was given general
anesthesia (pentobarbital sodium, 50 mg/kg, intramuscu-
lar) with supplemental doses of 5 mg/kg when needed.
Systemic blood pressure, cardiac activity, and respiratory
functions were monitored during the entire procedure. Leg
motion and toe reflexes were checked for evaluation of the
anesthetic level.
To prevent blood coagulation, heparin was adminis-
tered (1000 U/kg body weight) before clamping both the
artery and the vein. A femoral arteriovenous fistula was
created in the groins of 60 animals. The arteriotomy length
was 0.5 mm, and the anastomosis was constructed with
10-0 monofilament suture.
Ligation of the femoral vein above the fistula and
ligation of the superficial epigastric vein were also per-
formed to increase the blood pressure in the superficial and
fistula as shown here was regularly seen in the earlyFig 2. This diagram shows the principal measurements that were
made on the fresh specimens. 1. Vein diameter at the valve annulus.Fig 3. Edema of the limb ipsilateral to the arteriovenous
-day g
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cardiac failure (Fig 1). Cardiac failure in the original study
described in the doctoral thesis of van Bemmelen, Univer-
sity of Amsterdam, 1984, was 25%.
At the end of each time point the animals with the
femoral arteriovenous fistula were given general anesthesia.
The systemic pressure, the pressure in the femoral vein 3 cm
distal to fistula, and the pressure of the femoral vein in the
contralateral hind limb were measured. The pressure mea-
surements were made by catheterization of the contralat-
eral femoral vein and contralateral artery and catheteriza-
tion of the popliteal vein ipsilateral to the fistula. No other
pressures were measured.
The blood backflow through the valve after division of
the femoral vein distal to the fistula and in the alive,
anesthetized animal was collected, measured, and calcu-
lated per unit time to be used as a measure of valve insuffi-
ciency.
The femoral vein distal to the fistula was harvested, and
although a longitudinal section, the valvular structures
were examined and measured. The diameter of the annulus
and the valvular height were measured (Fig 2). The fem-
oral vein was then fixed in 4% paraformaldehyde for 24
hours.
Processing of each specimen included the dehydration
in graded ethanols and the embedding in paraffin. Longi-
tudinal sections (6 m of thickness) were made, mounted
on poly- (L-lysine) coated slides, and challenged with the
immunostaining. Primary antibodies against MMP-2 (sc-
10736; Santa Cruz Biotechnology Inc, Santa Cruz, Calif),
and MMP-9 (sc-6840; Santa Cruz Biotechnology Inc),
were applied. The ABC method was used to detect the
Fig 4. This graph shows progressively increasing reflux
.01 for the 21- and 42-day values and P  .05 for the 7expression of the previously mentioned enzymes by us-ing techniques described elsewhere. The ABC method is
an immunoperoxidase procedure for localizing anti-
gens.9 Secondary biotinylated antibodies are applied
with peroxidase-conjugate-avidin to yield a dark purple
color for MMP-2 and a dark-brown reaction product for
MMP-9. The sections were examined with light micros-
copy at several magnifications up to 100 objective
(numeric aperture 1.4). In addition to direct micro-
scopic observations, the expression of molecular markers
was determined by direct light absorption measurements
after image digitization on a laboratory computer (Im-
age J-NIMH, Bethesda, Md) and expressed in terms of
grade 0 (unstained), grade 1 (slightly stained), grade 2
(moderately stained), and grade 3 (strongly stained).
Statistics. Data were expressed in terms of means
and standard deviation. An analysis of variance test was
applied. Values of P .01 and .05 were considered
significant.
RESULTS
One week after the procedure, all animals exhibited
some degree of hind limb edema ipsilateral to the arterio-
venous fistula (Fig 3).
Hemodynamic measurements.With a mean systemic
pressure of 126  5 mm Hg, the mean pressure in the
femoral vein distal to the fistula was markedly increased to
96  9 mm Hg (P  .05), compared to pressures in the
controls and in the contralateral femoral vein (mean pres-
sures, 9  9 mm Hg).
Timed collection of the blood backflow (reflux) in the
presence of the native femoral pressure was increased in a
time-dependent manner, with the 21-day and 42-day
gh the first valve distal to the arteriovenous fistula (P 
roup compared with the controls).througroups showing the highest values compared to the con-
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the 7 days compared with the controls) (Fig 4). The pres-
ence of an increased backflow reflects increasing valvular
Fig 5. A, This graph illustrates progressive valve dilatio
later (P .01 at 21 and 42 days from the creation of the
(P  .01 for the 21- and 42-day values compared with tincompetence and increased reflux flow.Valvemorphology.Macroscopic observation of the ter-
minal valve in the saphenous vein and of the valve just distal to
the fistula in the femoral vein showed an increased diameter of
sed by the high pressure early and venous wall weakness
). B, Progressive valve shortening is shown in this graph
ntrols).n cau
fistula
he cothe valvular annulus and a shortening of the annular height
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arteriovenous fistula but not in the controls. These changes
between operated limbs versus controls developed in a time-
dependent manner later (P .01 at 21 and 42 days from the
Fig 6. A, At 21 days loss of tissue architecture is pro
adventitia. The valve is present, and strong staining
mono-staining for MMP-2 with Nova-red background s
fibrosis of the media and fusion with the adventitia. MMP
for MMP-2 and Nova-red background staining.)creation of the fistula).Bulging of the valve and dilation of the commissures
were observed in the 1- and 7-day groups. Later, stretch-
ing, shortening of the valvular leaflets is seen (Fig 5), and
ultimately the complete disappearance of the valves was
nt. There is fibrosis of the media and fusion with the
MP-2 is present in the media. (Transverse sections,
g). B, At 42 days the valve has disappeared. There is still
ining is prominent. (Transverse sections, mono-stainingmine
for M
tainin
-2 staobserved in the 21- and 42-day groups.
he va
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transverse and longitudinal sections of the saphenous and
the femoral veins. These showed abnormalities of the ve-
nous wall and of the valves.
The venous wall showed disappearance of the media
accompanied by a massive venous wall fibrosis. Thickening of
the venous wall was observed principally at 21 and 42 days
from creation of the fistula (Fig 6). The valve showed lesions
Fig 7. These figures are longitudinal sections of vein w
with Nova-red background staining. The control vein w
the center shows MMP-9 staining of the intima, MMP-
specimen (right) shows similar staining and absence of t
Fig 8. MMP expression is prominent in the 21- and 42-
groups).including the stretching and a shortening of the leaflets men-tioned above progressing to complete disappearance of valvu-
lar structures in the 42-day group (Fig 6, B).
Immunohistochemistry. Staining of MMP-2 and
MMP-9 was carried out on longitudinal sections of the
valves (Fig 7), and the venous wall and optical density
measurements were calculated (NIH Image software).
The immunostaining for MMP-2 showed an increased
expression in the 21- and 42-day groups (Fig 8) compared
d valve leaflet double stained for MMP-2 and MMP-9
t arteriovenous fistula is on the left. 21-day specimen in
ning of the media, and the valve is present. The 42-day
lve.
ecimens (P .01 compared with the controls and otherall an
ithou
2 staiday spto the 1- and 7-day groups and to the controls (P  .01).
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media of the venous wall and in the subendothelial connec-
tive tissue of the valvular leaflets (Fig 7).
The immunostaining for MMP-9 showed an initial
increased peak expression at 1 day compared with con-
trols and the other groups (P 0.01) and a second, more
marked peak expression in the 21- and 42-day groups (P
 .01). Thus the expression of MMP-9 seems to be
bimodal with two expression peaks, one at 1 day after the
surgery and the second at 21 and 42 days from the
surgery. MMP-9 was mostly expressed in the intima and
subintima of both the venous wall and valvular leaflets
(Fig 9).
DISCUSSION
This study shows that a gradual remodeling of venous
valves develops when subjected to venous hypertension.
Immediately after placement of the arteriovenous fistula, a
passive viscoelastic dilation of the annulus occurs that is
accompanied by shortening of the valve leaflet with reduc-
tion of the leaflet overlap. It is followed by more gradual
changes of the vein that progress during the first week and
cause a time-dependent increase in reflux. Between 7 and
21 days a marked increase in reflux occurs, and this
progresses through the 42nd day. During this interval,
progressive inflammation is seen as indicated by the
MMP-2 and MMP-9 levels. The MMPs serve to break
down extracellular collagen. Finally, stunting, scarring, and
Fig 9. MMP expression is bimodal and indicates early
42-day values compared to the controls).shortening of venous valves are encountered that mimic thegross morphologic changes that are observed in saphenous
veins that are removed surgically.6,8
But venous pressure does not act as an isolated phe-
nomenon. It alters fluid shear stress and affects numerous
endothelial cell, leukocyte, and platelet functions.7 It selec-
tively up-regulates intercellular adhesion molecule–1 ex-
pression10,11 and other manifestations of the inflammatory
response with leukocyte rolling, adhesion, and migra-
tion.12 These responses to acute venous hypertension have
also been observed in the model of acute mesenteric venous
hypertension and reperfusion.
Although the model requires arterialization of a vein
segment, there is no evidence that arterializing a vein
segment produces an inflammatory reaction or venous
valve damage. In the present preparation, pulsations of the
arteriovenous fistula are transmitted to the venous wall.
The pressures recorded are in the range observed in veins at
the ankle in the lower extremities of humans. Cyclic strain
on the venous endothelial cells activates extracellular signal-
regulated kinases 1 and 2.13 It also shifts the redox poten-
tial and enhances oxidative stress.14,15
The pathogenesis of venous insufficiency remains un-
clear. It is believed by some that valve failure leads to
superficial reflux and dilation of distal veins.16 There might
also be a reduction of the mechanical strength of the vein
wall. This facilitates dilation of the venous annulus, separa-
tion of the valve cusps, and subsequent reflux that increases
rogressive inflammation (P  .01 for the 1-, 21-, andand pwith venous hypertension.
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modeling is part of the inflammatory reaction induced by
venous hypertension. The hypertension alters shear stress and
incites the leukocyte-endothelial interactions that initiate roll-
ing, firm adhesion, and migration of the leukocytes. Macro-
phages accumulate in the extraendothelial tissue and might
synthesize MMPs, which in turn compromise the strength of
the vein wall. On the one hand, free radical production and
the proteolytic action of the MMPs and, on the other hand,
new synthesis of collagen by growth factors derived from
macrophages might then cause the histologic alterations ob-
served in the vein wall.14 The current studies served to identify
the MMP levels. Their activity remains to be identified with
zymographic techniques.
In studying varicose vein sections, Wali et al17,18 observed
an increase in collagen, which disrupted the normal palisade
arrangement of the intima and the sheet-like arrangement of
medial smooth muscle cells. In the present preparation of
induced hypertension, profound fibrosis of the vein wall was
seen in the 42-day specimens. Similarly, Kirsch et al 19 ob-
served increased fibrosis of the extracellular matrix of varicose
veins. Much of this was due to an increase in collagen IV. In
discussing the histomorphologic changes of the vein wall at
the saphenofemoral junction, Stücker et al20 stated that the
alterations observed were “. . .regarded by us as a reaction to
altered perfusion and pressure in the veins.”
CONCLUSIONS
In this animal model of venous hypertension the find-
ings of tissue edema, valvular reflux, and morphologic
changes with increased annulus diameter and valve height
were seen.
Histologic changes included massive fibrosis of media
and fusion with adventitia.
Enhanced levels of MMP-2 and MMP-9 were present,
and valve leaflets disappeared after these markers became
evident.
The gross morphologic changes seen were quite similar
to those observed in human surgical specimens removed in
treatment of chronic venous insufficiency. Although the
model requires arterialization of a vein segment, there is no
evidence that aterializing a vein segment produces an in-
flammatory reaction or venous valve damage.REFERENCES
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